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In this paper we present an all-optical silicon based modulator suggested also for high power operation and for pulse picker application
being used as part of fiber lasers system. The paper theoretically and experimentally investigates several new and important insights
involving the dependence of the relative transmission on the pump pulse energy for different finesse values of the constructed cavity as
well as the dependence of the response rate of the device to the pump wavelength due to coexistence of two physical recombination
processes: fast surface effect and slow bulk recombination. To adapt the constructed silicon based cavity to be used in lasers applications,
we aligned the pump and the signal beams to co-propagate through the device while the usage of a cavity allowed a low power pump to
yield a significant extinction ratio at the output of the device.
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1 INTRODUCTION
The realization of fiber integrated all-optical modulators has
high importance in the field of optics communication that is
seeking for fast, cheap and integrated ways to perform mod-
ulation of information carried over the 1.3 and 1.55 µm wave-
length [1, 2].
All-optical modulation is realized when a transmission of a
certain light beam is controlled by the presence of another
light beam. This type of modulation may achieve higher mod-
ulation rates by avoiding hardware performing conversion
into electronic domain and then back to photons. Avoid-
ing such hardware makes the modulation process faster, less
noisy and less cumbersome. Since a direct modification of
the absorption coefficient cannot perform a direct significant
modulation and the desire is to use silicon for integrated pho-
tonics applications (see Section 2), there were numerous at-
tempts to use different configurations of interferometric mod-
ulation devices or by using special electronic junctions. In 2004
Intel research group introduced for the first time silicon in-
tegrated modulator operating at modulation rates >1 GHz
based on a metal oxide semiconductor (MOS) capacitor as a
Mach Zehnder interferometer (MZI) [3]. One year later they
introduced a faster device with similar basic operation mech-
anism that exceeded 10 GHz and included 11 sections of
electrodes that allowed applying external DC bias voltage as
well as AC voltage command over 4 mm interaction length
[4]. The modulation rate was further enhanced by Passaro
[5] who suggested MOS-capacitor-based SOI optical modu-
lator with 14.36 GHz bandwidth based on an optoelctronic
model investigating different architectures for silicon plasma
dispersion modulators as well as for fitting to experimental re-
sults reported in the literature. Lipson et al predicted [6] and
demonstrated [7] optical modulation through light-confining
resonating structures to enhance the effect of refractive index
change on the transmission response. In this device decreas-
ing its size reduces the power requirement without increasing
the Q factor of the device and managed to reduce its modal
volume to 6 µm. Ultrafast silicon on insulator (SOI) all opti-
cal modulators which require only 6 fJ and operate with re-
sponse rate of only few ps [8] have also been recently sug-
gested. Reed provided a short review of some prominent sili-
con based modulators [9]. These devices are realized through
the electro-optic world of semiconductors, governed by pla-
nar complex structures often on top of 3D structures contain-
ing metals and insulator materials and its features are in the
nanometer regime arranged tightly on a chip – which makes
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them very expensive and hard to produce. It is also not ade-
quate to have them integrated in fiber systems such as fiber
lasers, communication systems etc.
Another advantage of our proposed device is the fact that it
is completely passive and does not consume electrical power
to control the carriers lifetime such as p-i-n junction e.g. in
Ref. [10]. This for example, makes is suitable for an all-fiber
configuration.
An interesting and relevant approach was previously pro-
posed by Narayanan [11] who suggested using hydrogenated
amorphous-silicon in order to accelerate the operation speed,
since then the free-carrier mobility is lower. In that config-
uration, similarly to Ref. [2] and in contrast to this paper,
the pump is incident on top of the waveguide, and not co-
propagating with the modulated signal. High power fiber
lasers are one of the most rapidly growing fields of research
due to their applicability not only to the field of optics com-
munication but also their importance in fields as home land
security, medicine and processing of materials. The recent ad-
vance in this field allowed realization of very high power fiber
lasers at very large spectral range starting from the UV and up
to the infra-red, some can produce several KW at their output
[12]–[18].
This paper presents the construction of the main building
block for a fiber integrated modulation device suitable also
for relatively high power fiber laser applications in which
fast silicon based all-optical (AO) device is integrated into a
fiber based configuration to realize a modulator, pulse picker
or Q-switch. In such a device, the signal (i.e. the modulated
laser) and the pump are co-propagating through the sug-
gested pulse picker and the pump laser is absorbed to con-
trol and attenuate the signal. This can be realized through an
in fiber device where a short section of the fiber is made of
silicon cavity, or a free space device in a standard free space
cavity laser.
The capabilities of the proposed device can also be used for
Q-switching and pulse picking applications, or any applica-
tion that utilizes fast switching between low and high optical
losses. These applications, realized via an AO modulator, has
an important role in the field of high power fiber laser while
being the module responsible for reducing and controlling the
laser’s pulse repetition rate. A built in AO pulse picker al-
lows internal, step-wise changes in the repetition rate. An AO
pulse picker in the external laser head may enable selection of
variable, shaped pulse trains at varied repetition rates from a
single-shot and up to a burst-mode operation.
Note that pulse picking, for example, is required in Yb-doped
fiber lasers in order to reduce the rate of the output pulses
from rates of MHz into the range of KHz. Current state-of-the-
art technologies involve the use of acousto-optic modulators
(AOM) or electro-optics modulators (EOM). For the specific
system into which our modulator can be integrated the tech-
nical requirements for the pulse picker involve response rate
(rise and fall time) of below 10nsec, modulation frequency of
less than 1MHz, extinction ratio of 20dB and insertion losses of
below 1dB, and the proposed device can fulfill these require-
ments as seen in the experimental section of this paper - the
fall time in this paper is limited by the pump pulse and can get
shorter to pico-second scale, and also the recovery time can be
further reduced beyond the presented rates, as suggested in
Section 2.2.
In Sections 2.2 and 2.3 we further explain the reasons for using
silicon rather than realizing an AO modulator based on more
“optically friendly” materials. The main reasons are the fab-
rication costs, capabilities, low non linearities and techniques
coming from the microelectronics industry are well adapted
to silicon, and the global desire to incorporate microelectronic
circuitry that will be integrated with the AO modulator and
which will allow performing further processing of signals and
information. Another important feature of an in-fiber device
is the environmental stability (discussed in the theoretical sec-
tion) and should not include free-space optics sections which
also make the system more cheap and compact. Neverthe-
less it is important to stress out that our main motivation
to construct an all-optical silicon based modulator is the re-
lated capability to integrate in the silicon layer that is used
for the photonic modulation, also micro-electronic circuitry
performing control of the overall laser system (thermal con-
troller etc). A realization of micro controller integrated with
the photonic device is a new and an applicable direction that
has not been previously explored. Furthermore, the proposed
device is compatible with common fiber lasers techniques like
Yb-doped fiber lasers, mostly operate around 1050 - 1100 nm.
As shown in this paper, a thin silicon layer can generate high
modulation depth, and for 1070 nm signal, which is on the sil-
icon absorption edge, the absorption loss is ∼0.1 dB for a 30
µm silicon layer. This makes the proposed technique appeal-
ing to the field of fiber lasers.
The novelties of the device introduced in this paper include
the combination of several aspects advantages. First, we pro-
vide an experimental thoroughly investigation of the physi-
cal processes of recombination occurring in the silicon layers
and specifically we demonstrate the dependence of the device
response rate (i.e. the modulation frequency) on the pump
wavelength. A technique for separating the bulk and surface
recombination has been suggested for example by Gaubas &
Vanhellemont [19], due to its crucial relevance on the device
operation rates. However, we were able to experimentally im-
plement and demonstrat the models regarding the difference
between the surface versus the bulk recombination process in
silicon. Second, in order to adapt the AO silicon based config-
uration to high power fiber lasers application, or more accu-
rately speaking to laser powers being higher than the typical
power level used in optics communication applications, we
constructed a cavity in which the pump and the signal are co-
propagated through the device. Due to the fact that we used
a cavity a low power pump could generate significant extinc-
tion ratio. In this paper we experimentally validated the de-
pendence of the relative transmission of the constructed de-
vice on the pump pulse energy for different finesse values of
the constructed cavity. We also showed its connection to the
theoretical general plasma dispersion relation. Thus, this de-
vise is adaptable of the proposed fiber integrated compatible
configuration to optical fibers configurations operating at op-
tical power level higher than the one used in optics communi-
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cation applications. Another advantage is that the proposed
device built from silicon and thus is suitable for operation
at the output of Yb-doped fiber lasers while modulating sig-
nal at wavelength of about 1070 nm (a wavelength for which
most of the optics communication modulation devices are not
suitable, and the usage of silicon as the optical modulation
substrate within hybrid and integrated modulation device.
This eventually yields compatibility to micro-electronics fab-
rication facilities as well as an integration of required micro-
electronic processing circuitry (e.g. micro controller to control
the performance of the proposed modulator) on the same sili-
con layer being used for the photonic modulation.
2 THEORY
2.1 Al l -optical modulation
The plasma dispersion effect has been deeply studied [1] and
used for various optical modulation and light controlling de-
vices [2, 20, 21]. According to the current theory, based on the
Drude model [22], photons with wavelengths having above
band gap energy and which are being illuminated upon a
semi-conductor, will be absorbed to create electron-hole pairs
(EHP) that will modify the optical properties of the semicon-
ductor according to the following relations:
∆α =
e3λ2
4pi2c3ε0n
[
∆Ne
µem∗2e
+
∆Nh
µhm∗2h
]
∆n =
−e2λ2
8pi2c2ε0n
[
∆Ne
m∗e
+
∆Nh
m∗h
]
(1)
where ∆α is the change in the absorption coefficient (the ab-
sorption coefficient is related to the imaginary part of the in-
dex of refraction by n = nR + i αλ4pi , λ is the wavelength, n is
the refraction index, µe and µh are the mobility of electrons
and holes respectively, m∗e and m∗h are the effective masses of
electrons and holes respectively, ε0 is the dielectric constant, c
is the speed of light in vacuum, e is the charge of an electron
and ∆Ne and ∆Nh are the change in the concentration of free
electrons and holes in the semiconductor, respectively. These
relations were later determined experimentally as [23]:
∆α = −8.5 · 10−18∆Ne − 6 · 10−18∆Nh
∆n = −8.8 · 10−22∆Ne + 6 · 10−18∆Nh (2)
However, the current theory is valid for charge carrier den-
sities between 1017 to 1020 cm−3, and above this concentra-
tion this theory is not valid. In addition, this theory was not
validated for all possible combinations of wavelengths for the
pump and the signal, only for 1.5 µm and 1.3 µm. One can see
that the modulation abilities of this effect are limited, and high
values of absorption are not feasible since generating densities
higher than 1020 cm−3 is not realistic.
An efficient and common method of enhancing weak optical
effects is using an optical cavity. In the suggested device the
cavity employs not only the change in the absorption coef-
ficient (∆α) but also shows a strong sensitivity of the cavity
to small phase changes resulting from a fractional changes in
the refraction index (∆n), as the transmission function is spec-
trally shifted and attenuated by the increased absorption due
to the change in the refraction index.
FIG. 1 Numerical simulations. (a). Transmission of F-P cavity (R=0.3) with and without
the pump beam. The spectral bandwidth of the laser is very narrow and it seems like
a delta function. (b). Transmission of F-P cavity (R=0.95) with and without the pump
beam.
The transmission of Fabry-Perot (F-P) interferometer consist-
ing from a lossy (or a gain) media, with refraction index n,
between the two mirrors (with equal reflectivity R, and with
separation distance of L) and in which we denote the intensity
gain coefficient per pass as X, becomes:
IOut
IIn
=
X (1− R)2
(1− RX)2 + 4RX sin2
(
δ
2
) (3)
where δ is the round-trip phase equals to δ=2kLn (where
k=2pi/λ). The derivation of Eq. (3) differs from the usual F-
P interferometer only in adding constant gain factor to each
round-trip. We can use the Beer-Lambert law for the absorp-
tion term and generalize the previous equation for an asym-
metric lossy F-P cavity as follows:
IOut
IIn
=
(1− R1)2 (1− R2)2 e−αL(
1−√R1
√
R2e−αL
)2
+ 4
√
R1
√
R2e−αL sin2
(
δ
2
) (4)
where R1 and R2 are the first and second mirrors reflectivity
coefficients respectively and α is the absorption coefficient (in
cm−1). Eq. (4) is to be used when the pump illumination is on,
therefore we must consider the ∆n contribution over the pen-
etration depth of the pump so the total phase is actually being
related to L, Lp and ∆n, where Lp is the penetration depth of
the pump wavelength and the effective optical length (Lop)
becomes Lop = Ln+ Lp∆n.
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For all the experiments presented in this paper we used a
narrow band infra-red (IR) source (produced by tunable laser
HP 8168 F) with 100 KHz bandwidth amplified by an EDFA,
and a 500 µm thick double side polished intrinsic silicon
(∼1700Ω cm) as a resonator In such a configuration modula-
tion can be achieved even when the silicon absorption is neg-
ligible. For example, by illuminating the polished parallel sil-
icon bulk with relatively narrow (i.e. relative to the F-P peak)
band IR laser (signal beam) results with a low finesse F-P res-
onator (f≈4). As in every F-P resonator one can theoretically
get a 100% transmission, particularly in the case of low finesse
where the transmission peak is wider than the laser. When a
pump pulse is introduced the absorption term can be ignored
as the peak transmission of such a cavity is about one percent
lower than without the pump, and the main modulation ef-
fect is caused due to the modification of the refractive index.
Usage of 532 nm laser as a pump, results with a ”shift” of the
transmission function of the cavity and thus the transmission
for the wavelength of the signal laser will decreased. A 50 µJ
pump pulse will shift the transmission peak and results with
86% transmission of the device as depicted in the simulation
of Figure 1(a). In this case the absorption is so low such that
for a single pass more than 99% of the energy is transmitted.
If we increase the reflectivity of the surfaces to 95% to get a
high finesse, the modulation due to the phase change is much
stronger. Although single pass loss is magnified by the finesse
(which is about 20 times larger in comparison to the previous
case), the maximum transmission is still very high and the re-
fractive index modification is still much more significant as
can be seen in Figure 1(b) where theoretical modulation depth
of 99% is achieved.
An important note is related to the fact that the AO modulator
we are constructing can be aimed towards the pulse-picking
which is being used in ultrafast laser systems where the op-
tical spectral bandwidth of the input pulses is normally large
(> a few nm). That means the use of a high-Q optical cavity
in the beam path is not a good idea. In this case it is obvi-
ous that one should use relatively low finesse cavity (a finesse
of about 10-20) which allows the required bandwidth of few
nm. Usage of a silicon layer (thinner than the one suggested in
Figure 1) separating the reflecting mirrors of the cavity is also
good not only due to response rate reasons but also in order to
create larger transmission bandwidth (the smaller the separa-
tion distance is, the larger is the transmission bandwidth for a
given finesse). Such a cavity can be realized by growing a thin
silicon layer on top of a mirror having the desired reflectivity.
2.2 Modulation rates in si l icon
Fast optical modulators have been previously introduced, as
fast as 40 Gb/s made of lithium niobate or III-V semicon-
ductors. However, as mentioned before, silicon photonics is
of great interest these days [24]. Due to the long history of
this material in the electronic industry turn it to be well char-
acterized, cheap, and widely used. The future integration of
electronic and photonic is also of great concern and has many
benefits, as a result this topic has been under intense study in
the recent decades and silicon based modulators, amplifiers
Raman lasers etc showed significant improvement in their ob-
tainable set of performance [25]. However, the urge of using
silicon is challenging since the only significant optical effect in
silicon is the plasma dispersion effect as it posses weak Kerr
effect, as mentioned in Ref. [22] and approximated by Ref. [1],
and therefore is impractical [25]. In Silicon, as in centrosym-
metric crystals, Pockels as well as Franz-Keldysh effects do
not exist there [1, 26]. One of main points of interest is the
lifetime of the excited carriers, which is the only way of affect-
ing the modulation depth and controlling the rate. Generally
speaking, we can regard the EHP generation process as a very
fast, almost instantaneous, process in relation with the recom-
bination rates. Without getting into details of the recombina-
tion mechanisms, it can be easily shown that these processes
(i.e. generation and recombination) are not symmetrical [27]:
the generation process is a hyperbolic tangent of the light in-
tensity - ∆Ne/h ∝ tanh
(
t
√
γβαI
)
and the recombination is de-
scribed by a much slower hyperbola for quadratic recombina-
tion (i.e. the rate of recombination is proportional to the square
of the non equilibrium density) - ∆Ne/h ∝ 1(t
√
γβαI+1)
or de-
creasing exponential for linear recombination (i.e. the rate of
recombination is proportional to the first power of the non
equilibrium density) ∆Ne/h ∝ τβαIe−t/τ , where t is time, I is
the intensity of light, α is optical absorption coefficient, β is
the quantum yield, τ is the effective electron lifetime, and γ is
the recombination coefficient defined as the (average) product
of the velocities of holes and electrons and the recombination
cross-section.
More specifically, one must refer to the difference between
bulk recombination (where recombination through traps is ir-
relevant in intrinsic material) which is rather slow as much
as a few µs, and surface recombination which is much faster
and can approach a few ps [28]. Thus, in order to produce a
fast device a short wavelength pump source must be used in
order to control and to lower the penetration depth such that
the dominant effect will be related to the fast surface processes
rather than the slow bulk related interaction.
In the experimental part it will be shown that the relaxation
time is representing the free carriers lifetimes due to the differ-
ent recombination mechanisms. Enhancing the surface recom-
bination processes, which results in several hundreds of pico-
seconds of carriers lifetime [29], by creating larger amount
of carriers generated on the surface can shorten the over-
all lifetime. Usage of poly-silicon, or ion-implanted Si sam-
ples can further reduce the lifetime to the picoseconds regime
[11, 30, 31].
Let us for a minute discus some response time consideration
in the proposed silicon based AO aiming to be used as a pulse
picker. Standard mode-locked lasers normally operate with
repetition rate in the range 50-100 MHz. This makes the dis-
tance between pulses of about 10-20 ns. It is thus required that
the rise and fall times of the pulse-picker have to be around
10 ns to be able to pick out an individual pulse at a time.
As previously mentioned the surface effects of silicon are fast
enough to cope with this working point but the bulk response
time (for instance due to diffusion and not due to drift) which
are of order of several micro seconds are not. It is important
to note that one of the advantages of using silicon is to have
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the ability to also integrate a micro-electronic circuitry on it.
Such circuitry can be used to construct a micro controller that
will stabilize and control the operability of the modulator and
other related module but also be used to install voltage probes
that can drift away the generated free carriers (the drift re-
sponse time of silicon is much smaller than the micro second
range).
2.3 Addit ional Si l icon considerations
For operating as an in-cavity pulse picker the device should
be capable to withstand high power pulses at the operating
wavelength, i.e. the signal, as well as for the pump. The high
energy laser induced damage threshold at 1550 nm is dis-
cussed and measured experimentally by Cowan [32]. Gener-
ally speaking, the damage threshold (and also its thermal con-
ductivity) in silicon is ∼10 times higher than in GaAs, which
makes it a good optical material [24]. However, silicon posses
some nonlinearities that have to be considered in a high signal
power. Since silicon has an indirect bandgap of 1.12 eV and a
direct one of 3.4 eV [33] at wavelengths used in optical com-
munication a single photon does not have sufficient energy
to excite an electron from the valance band to the conduction
band. The sum of the energies from two photons is also in-
sufficient to excite an electron across the direct band-gap of
silicon, but it is sufficient to excite across the indirect band-
gap of silicon. Momentum conservation requires that the in-
direct two photon absorption (TPA) transitions be assisted by
phonons, and at 1.55 µm the TPA coefficient is much smaller
than for InP/InGaAsP [34] which makes silicon a good choice
for relatively high power applications.
The intensity transmission due to TPA (the linear absorption
can be neglected at this wavelength) is inversely proportional
to the length and can be reduced, since the device thickness
can be reduced to a few microns, and the optical path for the
resonant wavelength (1550 nm) is shorter:
dI
dz
= −BI2 → I = 1
Bz− I−10
(5)
As to the pump pulse, theoretical and experimental results
show that at pulse duration in the order of nanoseconds the
damage threshold is 5 J/cm2 at 10 ns pulse duration [35]. The
highest power we used in our experiment was 7.5 mJ and the
beam area was 0.07 cm2 i.e. 100 mJ/cm2 which is two order
of magnitude lower than the above mentioned threshold, and
it can even be reduced further with higher finesse values of
fabricated future cavity.
The thermo-optical effect (TOE) should be considered in the
suggested device since it influences the refractive index and
the phase of the light. Cocorullo and Rendina [36] also used a
similar cavity structure and determined accurately the TOE
in silicon at 1.5 µm and used this technique to show that
the thermal expansion role in the phase change is about 20
times weaker than the TOE and measured the coefficient to be:
∂n
∂T = 1.86 · 10−4K−1 They reported temperature variation of
<7K to achieve pi/2 phase shift. The temperature variation in-
duced phase change of the cavity through the refractive index
FIG. 2 Comparison of the temporal response obtained at 20 µm thick (blue) and 3 mm
thick (red) c-Si samples due to single pass absorption only. The first recombination
noticed is the fast surface effect, followed by the remains of the slower bulk process.
and the thermal expansion such as:
δΦ =
2piL
λ
δn+
2pin
λ
δL =
2piL
λ
∂n
∂T
∆T +
2pin
λ
κL∆T (6)
and for our measuring system, i.e. cavity length of L=500 µm
(silicon linear thermal expansion coefficient κ = 2.6 · 10−6K−1,
pi phase shift occurs due to temperature variation of ∼4K (re-
gardless the expansion coefficient) which makes the experi-
mental system somehow unstable. This dependence can be re-
duced for shorter cavity lengths or by applying various ther-
mal insulation and stabilization techniques.
Time scale should be considered too in this system but the
TOE, being related to the thermal processes is rather slow and
can be used for modulation at frequencies of up to 1 MHz, ac-
cording to Manipatruni et al who estimated the thermal time
constants to be in the order of microseconds [37].
3 EXPERIMENTAL RESULTS
3.1 Prel iminary results
As a preliminary result to validate our claim regarding the
above mentioned dependence of the recombination rate
on the pump wavelength we used wedged n-type silicon
(ρ=0.2Ωcm) double side polished samples. In order to avoid
interference resonance effects the samples in this experiment
were wedge shaped.
The sample was illuminated with a signal laser (DFB laser
at wavelength of 1550 nm) while modulating it only through
changing the absorption coefficient of Eq. (2) (there is no cav-
ity in this experiment and thermo-optical effects are irrele-
vant) using a Surelite Continuum I-20 followed by an opti-
cal parametric oscillator (OPO). In Figure 2 one can see both
processes of the bulk and surface recombination: When the
pump illumination is at wavelength of 920 nm, it penetrates
dozens of microns into the bulk which results in fast recov-
ery of the signal in thin silicon (thinner than the pump pene-
tration depth) due to surface recombination processes and in
12029- 5
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FIG. 3 Experimental results for the signal’s recovery time and the penetration depth of
the pump versus the wavelength of the pump. Blue – experimental results of signal’s
recovery time (FWHM) in comparison to the penetration depth of the pump (dashed
green).
significantly slower rate of recombination due to charge carri-
ers in the bulk. In a 3 mm thick sample the dominant process is
the slower bulk process which results in a slow recovery, and
the fast surface recombination has a small contribution. The
initial fast recovery time, due to the surface recombination,
can easily be distinguished from the following slower part in
both samples of Figure 2 and it is limited by the pump pulse
duration which was ∼10 ns in our experiment. One can see
that both processes takes place in both samples, but the thin-
ner samples exhibits more significant part of initial recovery
while in the thicker one the initial fast recovery is less domi-
nant. Note that instead of using thin silicon layer one may use
thicker layer but to illuminate it with pump at shorter wave-
length leading to average penetration depth of few microns.
In the experiments of Figures 3 and 4 we further demonstrate
the dependence between the pump penetration depth and the
recovery time of the signal, to verify the claim of temporal in-
fluence resulted from surface \ bulk processes. As the pump
wavelength decreases the less it penetrated the sample, and
more charge carriers are created near the surface as the pump
is decaying exponentially into the medium. Consequently, fast
surface recombination processes are getting dominant as the
bulk recombination effect is reduced, causing the over-all re-
covery time to decrease. For that we used thick silicon wedged
sample (of 3 mm) in order to be able to measure the change in
the recovery time only due to the change in the penetration
depth (there is no cavity). Figure 3 shows measured recovery
time of the signal at full width half maximum (FWHM) us-
ing the 3 mm sample versus pump wavelength varied from
770 nm to 1080 nm. One may see how the thickness of the
generated free electrons-holes absorption layer affects the re-
sponse time.
It also presents the experimental data of the penetration depth
versus the wavelength [38]. The experimental data in Figure 3
and Figure 4 is taken from a series of measurements similar to
the measurement of Figure 2, where we extracted the FWHM
of the signal attenuation for every pump wavelengths. Qual-
FIG. 4 Experimental results of the FWHM (blue), the fall (green) and the rise time (red)
versus the wavelength of the pump.
FIG. 5 Photograph of the experimental system. The cavity is placed on an isolated
board, and comprised from a silicon polished wafer positioned between two mirrors.
itatively, both the pump penetration depth and the recovery
time have similar behavior, and it can be seen that the smaller
the penetration depth of the pump is, the shorter is the recov-
ery time of the signal.
This claim is reinforced in Figure 4, where one can see the
quick fall time and the correlation between the total recovery
of the signal and the rise time.
3.2 Cavity
We used a 500 µm thick parallel double side polished intrinsic
silicon (resistivity ∼1700Ω cm) and illuminated it perpendic-
ularly using a narrow band (100 KHz) IR tunable laser (HP
8168F) followed by EDFA, to realize a F-P cavity similar to the
one described in the theoretical section.
We examined three types of cavities with different values for
the finesse: bare silicon where the cavity is formed due to Fres-
nel reflections, bare silicon followed by a single mirror and
two mirrors with silicon sample in between. In all experiments
the signal was perpendicularly illuminating the constructed
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FIG. 6 Experiential results for relative transmission versus the pulse energy. (a). The-
oretical (solid) and experimental (dotted) results of relative transmission of uncoated
silicon cavity. The vertical line represents the pulse energy in which the carriers’ con-
centration is 1020cm−3. (b). Silicon sample followed by a 95% reflecting mirror (F≈5).
(c). Silicon sample is inserted into a cavity formed by two mirrors with reflectivity of
95% each. (d). Schematic sketch of the experimental setup of Figure 6(c).
device in order to get the highest possible finesse, and the
mirrors were designed to have high transmission at the pump
wavelength (532 nm). An image of the experimental system
with high finesse cavity is presented in Figure 5.
The first result we present is related to the relation between
the modulation depth and the power of the pump source
(532 nm). The modulation depth is an exponential function of
the pump’s power, and one can see good agreement between
the theoretical calculations and the experimental results seen
in Figure 6(a).
At higher energies the relative transmission is a bit higher
than the calculation since in these energies the silicon face is
optically damaged from the pump pulses. As an outcome a
significant fraction of the pump is being scattered and this
causes the signal’s transmission to be higher than the antici-
pated values. In addition, the pump beam jitters significantly
and the spatial overlap between the pump and the signal
beams is constantly changing between pulses. The beam size
of the pump was measured using Ophir-Spiricon laser beam
analyzer (LBA sp620u) to be∼2.1 mm in diameter and the av-
erage fit to Gaussian is ∼0.5 which means multi-mode laser.
Once we place a 95% reflecting mirror after the silicon sample
we double the finesse and the device became a bit more sensi-
tive. The results are depicted in Figure 6(b) where the theoret-
ical beam diameter was fitted to be 4mm.
In Figure 6(c) we repeat the same experiment while this time
the silicon wafer is inserted into a cavity formed by two mir-
rors with reflectivity of 95% each. Figure 6(d) presents the
schematic sketch of the experimental setup of Figure 6(c). In
the inset of Figure 6(c) we present the theoretical dependence
of the relative transmission on the pulse energy for cavity with
FIG. 7 Experimental results. (a). Attenuation of an 1550 nm signal (green line) in the
presence of a 425 µJ pump pulse at wavelength of 532 nm at time scale of 200 ns/div.
The yellow line is an optical trigger, and the pink is the reflected signal. Introducing the
pump pulse shifts the cavity resonance and the transmission drops. (b). Attenuation in
non-cavity sample of IR signal (green) in presence of 460 µJ pump pulse at wavelength
of 532 nm. The time scale is 40 ns/div.
different finesse values (different reflectivity coefficients R1
and R2 for the two mirrors of the cavity). In general in the in-
set of Figure 6(c) one can see the influence of the pump pulse
energy on the modulation depth in three different cavities. As
the finesse value rises, less energy is required to get signifi-
cant modulation. In Figure 6(c) the finesse in the theoretical
solid curve is fitted to 30 instead of the theoretical value of
60 (which means 90% reflection instead of 95%±2% manu-
facturer specs) to get a good agreement with the experiment,
from some reasons to be described.
Figure 6 shows some differences between theoretical and ex-
perimental results since in this experiment it is very hard to
get the theoretical finesse as this system (comprised of silicon
sample positioned between two mirrors) is very unstable due
to ambient thermal noise and mechanical vibrations that cause
constant movement of the transmission function of the cavity.
A controlled ambient temperature and better vibration isola-
tion could improve the cavity stability. The mirrors separation
was kept minimized to ∼1 mm and the components were as-
sembled using the lowest possible post system, to reduce the
influence of vibrations. The mirrors and silicon non-perfect
parallelism and surface quality, as well as issues related to
misalignment of the cavity are also optional reasons for the
drop down of the finesse in respect to its theoretical values.
As stated before, placing the sample between two parallel mir-
rors with 95% reflectivity at 1550 nm and anti reflection (AR)
coating for 532 nm produced a theoretically high finesse cav-
ity having finesse of about 60. In Figure 7(a) the wavelength
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of the IR signal is tuned to maximal transmission of the cav-
ity, and by introducing 425 µJ pump pulse this resonant trans-
mission peak is swiped to reduce the overlap with the signal
which experienced a drop in its transmission to ∼9% of the
signal’s value before applying the pump pulse.
The recovery time of the signal is longer than in the non-
cavity case (Figure 7(b)) due to thermal effects that are also
reinforced when cavity is involved (thermal effects may cause
changes in the average refraction index of the sample and
change the signal’s phase). The reflection is not close to zero
since the IR signal is amplified with EDFA which produces
a considerable amount of amplified spontaneous emission
(ASE) that is being reflected. This reflected ASE is a broadband
signal and most of its spectrum cannot obey the resonant con-
dition and therefore most of its energy is being reflected. For
that very reason the transmission cannot drop to zero.
For comparison, in Figure 7(b) we used a sample of the same
kind and polished it to be wedged in order to prevent cavity
formation. In this case a 460 µJ pump pulse results with 80%
transmission of the signal, which is 9 times higher than in the
previous case of Figure 7(a).
3.3 Thermo-optical effect
To investigate and approve the calculations in Section 2.3 we
measured the reflection of the CW IR 1550 nm laser from a
500 µm thick bare silicon cavity in different temperatures. The
cavity was placed between two copper plates, due to its high
heat conductivity, surrounded by ceramic resistors acting as
heaters. The current through the resistors was controlled by
a temperature controller and thermo-couple. On the cavity it-
self a calibrated resistor (Minco PT100 temperature probe) was
attached to the silicon in a close proximity to the laser spot
which was passing through a small hole in the copper plates
acting as a thermometer.
By changing the temperature of the sample we control the re-
fractive index and the phase which results in a different re-
flection as depicted in Figure 8. The solid red curve represents
the calculated reflection on a cavity over a phase of 2pi while
the blue line is the measured normalized intensity of a single
wavelength in different temperatures. A temperature differ-
ence of >3 ˚ C is required for a pi phase shift.
3.4 Waveguide
The experiments above are a proof of concept to a possibil-
ity of generating a silicon cavity based fiber integrated mod-
ulator. One of our future activities is to convert the concept
demonstrated in this paper into a compact all-fiber integrated
modulator in which the free space cavity is replaced with a
section of the fiber is constructed from a silicon core waveg-
uide surrounded by a silica cladding. The cavity itself can be
realized by recording Bragg mirrors on both sides of the sili-
con core, separated axial distance of 10 µm (from Figure 2 we
see that in order to achieve fast operation rates for long pump
wavelength one needs that the thickness of the silicon layer
will be smaller than 20 µm).
FIG. 8 Silicon cavity under the influence of TOE. Red solid line represents calculated
normalized intensity over 2pi. Blue dots represent measured normalized intensity.
The pump and the signal both will be inserted to a single fiber
through a directional Y coupler and then edge of the fiber will
be coupled to the above mentioned silicon waveguide with
cross-section being large enough to guide the signal without
any nonlinear effects.
Since currently our fabrication capabilities cannot provide
high quality silicon-core fibers, we designed and fabricated
a preliminary device as a proof of concept: a 10 µmX10 µm
buried silicon waveguide surrounded with silicon having
lower refraction index and acting as a clad. An n-type sili-
con wafer with resistivity of 0.02 Ωcm is used as a clad, upon
which grooves were etched (using deep RIE process) and an
epilayer of intrinsic silicon (∼1014 cm−3) was deposited on
top, with thickness of 20 µm to fill the grooves. We polished an
excess of 10 µm of the epilayer to form a rectangular waveg-
uide with refractive index of n=3.5 surrounded by a clad with
n=3.498. Due to the impurities of the clad this is a lossy waveg-
uide but as shown above, when using a proper pump wave-
length only a short section is required in order to produce sig-
nificant attenuation.
In Figure 9(a) we simulate the propagated electrical field at
wavelength of 1550 nm using Rsoft software. The launched
field is the first mode (mode 0) waveguide. This one was cal-
culated using a semi-vectorial method for which the polariza-
tion is either TE or TM. The simulations we performed gave
the same results for the two polarizations. The light is prop-
agated in such a waveguide and one can see insignificant at-
tenuation after 1 cm of propagation, as the attenuation is only
1.2 dB/m. In Figure 9(b) we present an image of the fabricated
waveguide device (silicon with different values of doping for
core and for cladding) as it was obtained using scanning elec-
tron microscope (SEM). The fabricated silicon core is in the
center of the image and it is bounded with white lines.
4 CONCLUSIONS
In this paper we have presented an all-optical silicon based
modulator suggested for the pulse picker application to be
used as part of fiber lasers system operating at power levels
12029- 8
J. Europ. Opt. Soc. Rap. Public. 7, 12029 (2012) R. Aharoni, et.al
FIG. 9 Waveguide. (a). Numerical simulation of the cross-section of the electrical field at wavelength of 1550 nm. The signal is guided in a silicon waveguide having square cross
section. The amplitude of the electrical field was measured in the XZ plane (Z being the propagation axis). (b). SEM image of the fabricated silicon waveguide.
above the level typically used in optics communication. The
paper includes several insights that were experimentally in-
vestigated and theoretically supported: We theoretically and
experimentally investigated the dependence of the response
rate on the pump wavelength (we were able to separate be-
tween the fast surface effect and the slower bulk process)
and the dependence of the relative transmission on the pump
pulse energy for different finesse values of the constructed
Fabry-Perot cavity. Although we used relatively low power
some considerations were made for the high power applica-
tion. It has also been showed that the TOE becomes more sig-
nificant as the finesse of the cavity rises.
To make the proposed cavity based all-optical configuration
suitable for high power fiber laser application we succeeded
in aligning the pump and the signal beams to co-propagate
through the device while the cavity allowed low power pump
to generate significant extinction ratio.
Foundations for future work of integrating this device as a
waveguide coupled to fibers is presented as well.
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